Herein, using first-principles calculations, we systematically studied the effect of oxidation on the structural and electronic properties of penta-graphene. We have found that the oxygen atom prefers to adsorb at the center of the C]C bond, and the interaction between the oxygen atom and penta-graphene is a strong chemical bond. When the oxygen coverage increases, the band gap of penta-graphene gradually widens due to the rigid up-shift of the conduction band. More importantly, we found that the oxygen molecule on the penta-graphene surface could self-decompose into oxygen atoms without any metal catalyst.
Introduction
Recently, signicant efforts have been devoted towards twodimensional materials due to their novel structural and electronic properties. As is well-known, pristine graphene is a gapless semiconductor, which has limited applications in electronic devices. Various efforts have been made to design graphene-based devices by tuning its band gap. In this regard, substitution doping is a straightforward way to achieve graphene with a controllable band gap. Raque et al. 1 found that nitrogen doping could open the band gap of graphene. The band gap could be increased if additional hydrogen atoms were adsorbed on N-doped graphene. By loading 3d metal trioxide or tetraoxide clusters onto pristine graphene or vacancy-defect graphene, Shuai's group 2,3 systematically studied the structural, electronic and magnetic properties of graphene. They found that the metal oxide clusters not only changed the electronic structures of graphene, but also introduced local magnetic moments into two-dimensional graphene. More interestingly, some metal oxide clusters could also open up the band gap; this could facilitate the practical applications of graphene in nanoelectronics, spintronics and magnetic storage devices.
Unlike graphene, penta-graphene, a new carbon allotrope, which can be obtained by exfoliation from bulk T12 carbon, 4 has an intrinsic band gap. 5 It has been reported that pentagraphene also exhibits interesting mechanical properties, 5 i.e., ultrahigh ideal strength, relatively higher stability, and unusual negative Poisson's ratio. These unique properties make pentagraphene promising for potential applications in optoelectronics, photovoltaics, and electronics. Ever since pentagraphene has been proposed by Zhang et al., 5 there has been a rapid growth in theoretical studies, including ab initio calculations [6] [7] [8] [9] and multiscale simulations, 10,11 to acquire an atomiclevel understanding of the electronic, [6] [7] [8] magnetic, [12] [13] [14] mechanical, [15] [16] [17] and thermal [18] [19] [20] properties of penta-graphene. In addition to penta-graphene that exhibits intrinsic properties, the derivatives of penta-graphene, such as pentagraphene nanoribbons 12, 13, 21 and nanotubes, 22, 23 exhibit fascinating electronic properties. Rajbanshi et al. 21 found that pentagraphene nanoribbons are direct wide-band gap semiconductors, and the variation of the band gap with the ribbon width is signicantly smaller for wider ribbons. However, the band gap of penta-graphene nanoribbons decreases under uniaxial strain. It has been 12, 13 shown that penta-graphene nanoribbons possess intrinsic ferromagnetism under the cooperative effect of bending strain and electric eld that is useful in digital memory devices. Wang et al. 22 predicted that moderate strains could drive the structural transition of the bphase penta-graphene to the g-phase penta-graphene. They have also reported that the band gap of penta-graphene is not sensitive to chirality; this makes penta-graphene an appealing material for applications in exible nano-optoelectronics.
Surface modication or doping is another effective way to tune the electronic, magnetic and mechanical properties of penta-graphene. Hydrogenation and uorination have been shown to signicantly widen the band gap of penta-graphene, resulting in the transformation of penta-graphene from a semiconductor to an insulator. [24] [25] [26] [27] More importantly, aer surface functionalization, penta-graphene can withstand temperatures as high as 1000 K. 24 The hydrogenated pentagraphene shows a notable and unexpectedly large improvement in thermal conductivity. 27 In contrast, substitutional doping can reduce the band gap of penta-graphene. For example, the band gap of penta-graphene can be tuned by Si-, B-, and N-atom substitution for sp 2 -hybridized carbon atoms. 28 The strongest reduction in the band gap is observed for transition-metal substitution for either sp 2 -or sp 3 -hybridized carbon atoms, which facilitates the transformation of penta-graphene from a wide-band gap semiconductor to a narrow-band gap semiconductor.
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Chemical functionalization of penta-graphene can also provide opportunities to broaden its potential applications. Guo et al. 30 have found that the hydrogen spillover reaction can occur at appropriate temperatures for onboard hydrogen storage systems employed in light-duty vehicles by loading Pd 4 and Ni 4 clusters onto penta-graphene. Enriquez et al. 29 showed that the adsorption energy of H 2 on Ti-and V-doped pentagraphene, especially for doping in sp 2 -hybridized C atoms, is appropriate (i.e., between À0.207 and 0.415 eV); 31 this indicates that penta-graphene can be a promising candidate material for onboard, reversible solid-state hydrogen molecule storage. Penta-graphene has been theoretically predicted to be a promising anode material for Li-ion and Na-ion batteries with high storage capacities and fast charge/discharge rates. 32 Guo et al.
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have indicated that penta-graphene is a high-performance channel material since the intrinsic properties of pentagraphene are preserved in all-carbon vdW heterojunctions composed of penta-graphene and graphene. Moreover, owing to its novel structural characteristics, penta-graphene will likely render the process of CO oxidation autocatalytic without any metal catalyst. Krishnan et al. 34 have studied CO oxidation on the penta-graphene surface and found that penta-graphene is a potential, metal-free, and low-cost catalyst for lowtemperature CO oxidations.
It has been reported that penta-graphene exhibited highly dynamic, thermal, and mechanical stability. Generally speaking, devices based on penta-graphene in practical applications would be exposed to air. Then, the following question arises: how does oxidation affects the electronic properties of penta-graphene? Moreover, studies on the oxidation process and the effects of oxidation on the properties of penta-graphene are still missing. Following this line of thought, we performed density functional theory calculations to study the effect of oxidation on the electronic properties of penta-graphene with different oxygen coverages. We found that the oxygen atom or molecule preferred to adsorb at the middle of the C]C bonds to form epoxides or carboxides, and the interaction between the oxygen atom or oxygen molecule and penta-graphene was strong. The calculation results showed that the band gap of penta-graphene increased with an increase in the oxygen coverage. This increase in the band gap can be attributed to the up-shi of the conduction band minimum during the oxidation of penta-graphene. These results suggest that the oxidized penta-graphene with large band gaps can be synthesized by experiment and used as dielectric layers in electronic devices. More interestingly, we showed that the oxygen molecule on the penta-graphene surface could self-decompose without any metal catalyst. On the other hand, this result indicates that penta-graphene would be chemically unstable when exposed to air. Therefore, from an application point of view, pentagraphene-based devices must be encapsulated or functionalized before being exposed to air.
Calculation method
First-principles calculations were performed based on the density functional theory (DFT) with generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) 35, 36 for the exchange-correlation energy functionals, as implemented in the VASP code. [37] [38] [39] The interaction between the valence electrons and the nuclei as well as the effect of the core electrons were treated by the projector-augmented wave (PAW) approach. 40, 41 The wave functions were expanded in a planewave basis set at the energy cut-off of 400 eV. Gaussian smearing with a width of s ¼ 0.05 eV was used in the calculations. All the atoms in the supercell were allowed to relax until the forces on each atom were smaller than 0.01 eVÅ À1 . The supercell dimensions were kept xed during relaxation.
To model the oxidation effect of penta-graphene, a 4 Â 4 supercell was used to accommodate different geometries for the adsorptions of oxygen atoms on penta-graphene. For singleatom adsorption, some possible adsorption sites are shown in Fig. 1(a) . Aer careful structural relaxations, structures with oxygen atom adsorption at the C]C sites were found to be energetically favorable. There are 32 C]C bonds in the 4 Â 4 supercell of penta-graphene; therefore, the ratio of the oxygen atoms over the C]C bond is 1 : 32. The adsorption of different oxygen species was also studied to examine the oxidation effects when penta-graphene was exposed to air. In addition, the adsorption of oxygen molecule on penta-graphene was investigated. In the calculations, k-point sampling of the 9 Â 9 Â 1 Monkhorst-Pack grids in the rst Brillouin zone was used.
The space group of a primitive cell of tetragonal pentagraphene is P 42 1 m. The optimized lattice constant a obtained from our calculation is 3.66Å, which agrees well with the previous theoretical value of 3.64Å.
5 Fig. 1(a) shows the primitive cell (indicated by the shaded tetragon) of penta-graphene, which has two sp 3 -and four sp 2 -hybridized carbon atoms.
Alternating long and short bonds are observed in pentagraphene. The calculated electronic band structure and density of states of penta-graphene are shown in Fig. 1(b) . From the band structure, it is evident that the top of the valence band is located at G-P, and the bottom of the conduction band is located at G-P; this indicates the formation of a quasi-directband gap semiconductor. The calculated quasi-direct band gap is 2.22 eV at the GGA/PBE level, which is consistent with the previously reported GGA/PBE studies indicating a band gap of 2.29 eV. 28 Both the valence and the conduction bands are dominated by the sp 2 -hybridized carbon atoms, as observed in Fig. 1(b) . Furthermore, we calculated the electronic band structure of penta-graphene using the HSE06 hybrid functional.
The results are shown in Fig. 1 (c). The band gap obtained by the hybrid functional HSE06 calculation is 3.44 eV, which is consistent with the previously reported hybrid functional calculations (i.e., 3.25 eV). 5 Note that the electronic band structure of penta-graphene obtained by the PBE calculation is similar to the band structures obtained by the HSE06 calculations, except for an almost rigid shi in the conduction band. Furthermore, it has been shown that when different exchangecorrelation functionals are used, the trend of the band gap change remains unaffected.
28 Therefore, the trend of the band gap change obtained via the current GGA-PBE calculations should be similar to those obtained via the hybrid functionals. The results and discussions provided hereinaer are based on the results obtained via the GGA-PBE calculations.
Although a hybrid functional may provide more accurate adsorption energies, for the oxygen adsorption system studied herein, which contains about $100 atoms in the supercell, the hybrid functional HSE calculation is still very time-consuming. We have found that the PBE calculation overestimates the adsorption energies. But the trend of the adsorption energy is not dependent on the choice of the exchange-correlation functional. Therefore, the PBE calculations can provide a reasonable trend of the adsorption energies.
Results and discussion

Adsorption of oxygen atoms
For single oxygen atom adsorption, only two stable adsorption structures (i.e., A and B sites) are obtained since other possible adsorption sites are relaxed into the A and B sites aer optimization. These two structures are referred to as O/P_Gra_A and O/P_Gra_B. The adsorption energies for the oxygen atom adsorption are dened as
where E O/P_Gra and E P_Gra are the total energies with and without oxygen atom adsorption, and E O is the energy per oxygen atom in a molecule of oxygen. The adsorption energies of the oxygen atom at the A and B sites have been calculated to be À1.83 and 2.17 eV, respectively, which indicate that the oxygen atom adsorption is exothermic for adsorption at the A site, and the A site is the energetically favorable site. In contrast, adsorption at the B site is not energetically favorable due to the positive adsorption energy. The calculated bond lengths of C]C and C-C in the structures of O/P_Gra_A and O/P_Gra_B are 1.46Å and 1.58Å and 1.40Å and 1.52Å, respectively, which are relatively larger than those obtained in pristine penta-graphene (i.e., 1.34Å (C]C) and 1.55Å (C-C)). These calculated results show that the adsorption of the oxygen atom elongates the original carbon-carbon bond and weakens the interaction between carbon-carbon bonds in penta-graphene. We also examined the bond lengths of the C-O bonds and found that the bond length of the C-O bond in O/P_Gra_A was shorter than that in O/P_Gra_B, as shown in Table 1 . This indicates that the interaction between the oxygen atom and penta-graphene is stronger in O/P_Gra_A than that in O/P_Gra_B. This nding is consistent with the abovementioned energy analysis, which shows that the oxygen atom prefers to adsorb at the A site of penta-graphene.
Moreover, the biaxial strains and lattice distortions of pentagraphene induced by the adsorption of oxygen atoms were investigated. The calculated results show that the lattice parameters of penta-graphene remain unchanged for the adsorption of the oxygen atom at the A site (i.e., O/P_Gra_A). However, the lattice parameters of penta-graphene become smaller for the oxygen atom adsorption at the B site (i.e., O/ P_Gra_B), as can be observed in Fig. 2(a) . In the case of O/ P_Gra_A, the total energy exhibits the minimum at zero biaxial strain. Therefore, the lattice parameters of pentagraphene remain almost unchanged aer oxygen adsorption. However, for the O/P_Gra_B conguration, the total energy minimum was changed from the zero biaxial strain to a 0.5% compressive strain, as can be observed in Fig. 2(a) (indicated by the blue arrow). This calculation result indicates that the adsorption of the oxygen atom would change the lattice parameters of penta-graphene; however, these changes are negligible. To observe the lattice distortion of penta-graphene, we also plotted the in-plane and out-of-plane lattice distortions of the penta-graphene layer upon the adsorption of the oxygen atom. These maximum in-plane distortions are about 0.4% and 0.6% of the bond length of C]C bonds in pentagraphene for O/P_Gra_A and O/P_Gra_B, respectively. To more clearly see the distortions, the displacements indicated by the purple arrows in the plots have been enlarged by a factor of 300 for the in-plane and by a factor of 35 for the out-of-plane distortion for better visualization. The distortion patterns (or strain eld) in the penta-graphene layer caused by the adsorption of the oxygen atom at the A and B sites are very similar and are mainly localized at the carbon atoms surrounding the oxygen atom. However, the distortion in O/P_Gra_B is larger than that in O/P_Gra_A, as observed in Fig. 2(b) -(e), especially for the out-of-plane lattice distortions. The larger deformations of penta-graphene for O/P_Gra_B would require more energy, leading to lower stability. The deformation analysis agrees well with the abovementioned adsorption energy. Again, these results indicate that the O/P_Gra_A conguration is more energetically favorable than the O/P_Gra_B conguration.
Charge transfer is an important parameter to investigate the interaction between the adsorbates and the substrate. Therefore, we have also calculated charge transfer for the adsorption of oxygen on penta-graphene by the Bader analysis. 42 The Bader charge analysis revealed that there were 0.83 and 0.66 electrons for charge transfer from penta-graphene to the oxygen atom, as listed in Table 1 , for the structures of O/P_Gra_A and O/ P_Gra_B, respectively; this analysis result was consistent with the abovementioned results of the energy and structural analysis; the stronger interaction between the oxygen atom and penta-graphene could be attributed to the more charge transfer from penta-graphene to the oxygen atom. The interaction as well as charge transfer can also be qualitatively observed from the interaction charge density difference, as shown in Fig. 3(a) and (d). The interaction charge density difference Dr(r) is dened as the difference between the charge density of the adsorption system and the charge densities of pristine pentagraphene and an isolated oxygen atom, i.e., Dr(r) ¼ r(r) À r P_Gra (r) À r O (r), calculated using the same supercell and setups. This charge density difference accounts for charge redistribution due to the interaction between different atoms. The golden color in the plot indicates an increase in the electron density, and the blue color indicates a loss in the electron density loss. It can be clearly seen that the oxygen atom gains more electrons from penta-graphene. According to the 3D charge density difference contour shown in Fig. 3(a) and (d) , the interaction charge densities are mainly located at the oxygen atom and its nearest carbon atoms. Compared to the interaction charge density of O/P_Gra_B, the interaction charge density of O/ P_Gra_A is relatively localized. As evident from Fig. 3(b) , there are noticeable bonding charge distributions between the oxygen atom and its nearest carbon atoms; this suggests that there is a signicant covalent bonding between the oxygen and carbon atoms that leads to larger adsorption energies for O/P_Gra_A. In comparison, the bonding charge and the degree of covalent bonding between the oxygen atom and its nearest carbon atoms are much weaker in O/P_Gra_A, as can be observed in Fig. 3(e) .
The quantitative charge transfer from penta-graphene to oxygen leads to surface dipole moment, as can be observed in Table 1 . We computed the electric dipole moment p in the z direction for the unit cell of the O/P_Gra system as p ¼ Ð (r À R c ) r i+e (r)d 3 r, where R c is the position of the net charge distribution in the supercell, and r i+e is the charge density of the ions and valence electrons. The electronic dipole moments obtained from our calculations are listed in Table 1 and shown in Fig. 3 . Evidently, the more the charge transfer from penta-graphene to the oxygen atom, the larger the electronic dipole moment obtained. The dipole moments of the O/P_Gra_A and O/P_Gra_B systems are 0.42 and 0.80 debye, respectively. Note that although the charge transfer in O/P_Gra_A is larger than that in O/P_Gra_B, the dipole moment in O/P_Gra_A is smaller than that in O/P_Gra_B. This is because charge redistribution in O/ P_Gra_B is relatively delocalized; this results in a large surface dipole moment. Finally, we determined that there was no intrinsic magnetic moment in the oxygen adsorption on pentagraphene systems since the magnetic moment was zero in both the O/P_Gra_A and the O/P_Gra_B systems, as shown in Table 1 .
To gain more insights into the effect of oxidation on the electronic properties of penta-graphene, we also investigated the electronic density of states of penta-graphene upon oxygen atom adsorption, as shown in Fig. 3(c) and (f). Note that only the spin-up electronic densities of states are shown due to the degeneracy of spin-up and spin-down states. For the O/P_Gra_A structure, the valence and conduction bands are also dominated by sp 2 -hybridized carbons; however, the p states of the oxygen atom are mainly located from À2.0 to À1.5 eV, and they do not affect the valence and conduction bands; this leads to an almost unchanged band gap. However, when the oxygen atom adsorption occurs at the B site, the p states of the oxygen atom are mainly located from À2.0 to À1.5 eV, À0.5 to 0.0 eV, and 4.0 to 5.0 eV. Especially, for the p states within the energy window from À0.5 to 0.0 eV, the width of the valences band broadens, and the band gap narrows down to 2.04 eV. These calculation results show that the adsorption of the oxygen atom on pentagraphene may change penta-graphene from a wide-band gap semiconductor to a narrow-band gap semiconductor for physisorption.
The effects of the oxygen adsorption concentration
To examine the effect of oxidation on the electronic properties of penta-graphene with different oxidation coverages, we also studied the relationship between the oxygen atom coverage and the electronic properties of penta-graphene. As abovementioned, the adsorption of the oxygen atom at the A site (i.e., C]C bond center) is stable. Therefore, based on the most stable structure for the adsorption of a single oxygen atom on penta-graphene, we placed different numbers of oxygen atoms at the A site to model different oxygen coverages. There are 32 C]C bonds in the 4 Â 4 supercell of penta-graphene; therefore, we have dened the ratio of one oxygen atom over the C]C bonds, i.e., 1 : 32, as the coverage of one oxygen on penta-graphene. For the coverages of 8 : 32 and 16 : 32, the oxygen atoms are located on the same side of pentagraphene, whereas for the coverages of 24 : 32 and 32 : 32, the oxygen atoms are placed on both sides of penta-graphene. Furthermore, 2, 4, or 6 oxygen atoms are removed from the 32 : 32 structures for obtaining the coverages of 30 : 32, 28 : 32 and 26 : 32, respectively. Therefore, the oxygen coverages of 25%, 50%, 75%, 81.25%, 87.5%, 93.75%, and 100% could be obtained. At rst, we examined the adsorption energy as a function of oxygen coverage, as shown in Fig. 4(a) . It is found that the adsorption energy per oxygen atom becomes smaller as the oxygen coverage increases; this indicates that the interaction between charged oxygen atoms is repulsive, and thus, a partial amount of the adsorption energy is consumed. The Bader analysis shows that each oxygen atom gains 0.82 electrons from penta-graphene for different coverages of oxygen atom adsorption on penta-graphene; this leads to negatively charged oxygen atoms. As abovementioned, the charge transfer from pentagraphene to oxygen atoms causes surface dipole moments. As a result, when the oxygen coverage expands, the dipole moments of the systems would enlarge. We found that the dipole moments of oxygen on the penta-graphene surface rstly increased and achieved maximum at 50% coverage; then, they gradually decreased and nally reached zero, as shown in Fig. 4(b) . This is because the oxygen atoms can absorb on both sides of pentagraphene, and each site possesses 16 C]C bonds. When these 16 adsorption sites are saturated, the oxygen atom would absorb at the other sites of penta-graphene. Therefore, the surface dipole moment of one side of penta-graphene would be compensated by that of the other side of penta-graphene; this would lead to a net zero dipole moment in the system when all the C]C bonds are occupied by the O atoms.
The electronic density of states as a function of oxygen coverage is studied to gain more insights into the effect of oxidation on the electronic properties of penta-graphene. The partial electronic density of states of sp 2 -and sp 3 -hybridized carbon atoms and oxygen atoms as well as the total electronic density of states of the entire system are shown in Fig. 5 
(a)-(d).
Different coloured lines represent different oxygen coverages, and the oxygen coverage is gradually increased from the bottom to the top in the plot. In Fig. 5(a) , it is evident that the p states of the sp 2 -hybridized carbon atoms are mainly located at 1.7 eV below the Fermi level, and the peak of the p states of the sp 2 -hybridized carbon atom is sharp; this indicates that the intensity of the p states is strong for the adsorption of a single oxygen atom on the penta-graphene surface. When the oxygen coverage increases, it is found that the peak of the p states of sp 2 -hybridized carbon splits into two peaks, and the intensities of the peaks weaken. Furthermore, note that the center of the p states of the sp 2 -hybridized carbon atoms is closer to the Fermi level. More detailed information is shown in Fig. 5(a) . The p states of the sp 3 -hybridized carbon atoms are mainly below the Fermi level, and the intensity increases when the oxygen coverage increases since numerous sp 2 -hybridized carbon atoms are gradually destroyed; this can clearly observed in Fig. 5(b) . Note that the trend of the peaks of the p states of oxygen atoms is similar to that of the peak of the p states of sp 2 -hybridized carbon atoms. The peak of the p states of the oxygen atoms becomes broader, and the center of the p states of the oxygen atoms is closer to the Fermi level, as shown in Fig. 5(c) ; this indicates strong hybridizations between the oxygen atoms and sp 2 -hybridized carbon atoms. Fig. 5(d) shows the total density of states of the entire system as a function of the increase in the oxygen coverage. We found that the top of the valence band was below the Fermi level and remained almost unchanged with an increase in the oxygen coverage; on the other hand, the bottom of the conduction band shied upward; this led to a large band gap. The underlying reason for this increase in the band gap of the entire system is attributed to the rigid upward shi of the p anti-bonding orbital of the sp 2 -hybridized carbon atoms, as shown in Fig. 5(a) . If the band edges are plotted as a function of oxygen coverage, it can be clearly seen that the maximum of the valence band remains almost unchanged, whereas the minimum of the conduction band gradually shis to higher energy with an increase in the oxygen coverage, as shown in Fig. 5(e) . This nding suggests that the increase in the band gap makes the oxidized pentagraphene become an insulator. This feature can be exploited for the potential uses of the oxidized penta-graphene as dielectric layers in electronic devices. Note that the effects of oxidation and oxidation process can be observed in the experiments for a wide range of oxygen coverages. On the other hand, from the practical application point of view, devices based on penta-graphene would be supported by substrates; therefore, it may be difficult to adsorb oxygen atoms on both sides of penta-graphene. However, it has been shown that the interaction between penta-graphene and its substrate is weak and has vdW interaction character in the electronic devices based on penta-graphene. 33 Therefore, the oxygen molecule or atom can diffuse into both sides of pentagraphene. Although the interactions between penta-graphene and its substrate are stronger, the oxygen molecule or atoms can also adsorb on and diffuse into the bare surface of pentagraphene in the devices. Therefore, the oxygen coverage studied herein can be realized in experiments.
As abovementioned, penta-graphene would be chemically unstable upon exposure to air. To obtain air-stable pentagraphene devices, penta-graphene should be fully encapsulated. Encapsulation layers, such as graphene, transition metal dichalcogenides, hexagonal boron nitride (h-BN), etc., with novel electronic properties are candidate materials for device design: for example, an electronic device with an all-carbon heterojunction composed of graphene and penta-graphene, 33 where penta-graphene is fully encapsulated by inert graphene. From an experimental point of view, penta-graphene can be dried on some substrates, stored in a low-temperature environment, or a liquidphase method can be used to disperse the prepared pentagraphene in some liquids to avoid oxygen contact.
Adsorption of the oxygen molecules
We nally examined the adsorption structure of one oxygen molecule on the surface of penta-graphene. All the possible adsorption sites are schematically shown in Fig. 1(a) . For the adsorption of oxygen molecules on penta-graphene, two types of motifs were considered: dissociated adsorption mode and molecular adsorption mode, as shown in Fig. 6 . For the dissociated adsorption mode, the oxygen molecule dissociates into oxygen atoms to form the carboxide and epoxide groups, which are referred to as O 2 /P_Gra_D1 and O 2 /P_Gra_D2, respectively. Herein, D represents the dissociated adsorption mode. In the case of the molecular adsorption mode, the oxygen molecule is horizontally adsorbed on the convex and concave C]C bonds. The shape of the oxygen molecule is still maintained aer structural relaxation. We referred them as O 2 /P_Gra_M1 and O 2 / P_Gra_M2, where M represents the molecular adsorption mode.
The calculated adsorption energies of O 2 /P_Gra_D1, O 2 / P_Gra_D2, O 2 /P_Gra_M1, and O 2 /P_Gra_M2 are À2.28, À1.82, À0.79, and À0.01 eV, respectively. Accordingly, the C]C bond center is the most stable adsorption site for the adsorption of the oxygen molecule on the penta-graphene surface. Note that the oxygen molecule on penta-graphene prefers to dissociate into oxygen atoms aer structural relaxation since the adsorption energy of the dissociated oxygen is much lower than that of molecular oxygen by 1.0-1.5 eV, as listed in Table 1 . These results show that the oxygen molecule can self-decompose on penta-graphene without a metal catalyst. The dissociated oxygen atoms obtained from the molecule chemically adsorb on the surface of penta-graphene with the adsorption energy of À2.28 eV. Therefore, it is difficult to desorb the dissociated oxygen atoms. From this point of view, penta-graphene is not a metal-free catalyst for the decomposition of an oxygen molecule; however, it is good for the decomposition of the oxygen molecule because the process of oxygen molecule dissociation is barrier-less. These results show that the oxygen molecule can self-decompose on penta-graphene without any catalysts. Although the oxygen molecule is decomposed into two oxygen atoms in the structures of O 2 /P_Gra_D1 and O 2 /P_Gra_D2, two carboxide and epoxide groups are formed between the oxygen atoms and carbon atoms, respectively, as shown in Fig. 6(a) and (d). Note that the structure with the oxygen molecule on top of the C]C bond proposed by Krishnan et al. 34 ( Fig. 6(g) ) is not energetically favorable as compared to that of the dissociated oxygen molecule. However, for the structure proposed by them, the adsorption energy of O 2 based on our calculations is À1.58 eV, which is consistent with the adsorption energy reported by them. The bond lengths of O-O are 1.51 and 1.24Å for the O 2 /P_Gra_M1 and O 2 /P_Gra_M2 structures, respectively, suggesting that the interaction between the oxygen and the carbon atoms weakens the strength of the O-O bond in O 2 / P_Gra_M1. However, as shown in Fig. 6(j) , the oxygen molecule on penta-graphene would undergo physisorption since the adsorption energy is extremely small.
The larger adsorption energy can be explained by the structural parameters of various bonds, i.e., C-O, C]C, and C-C bonds, as shown in Table 1 . The bond lengths of C-O are 1.20, 1.43, 1.45, and 4.33Å in the geometries of O 2 /P_Gra_D1, O 2 / P_Gra_D2, O 2 /P_Gra_M1, and O 2 /P_Gra_M2, respectively, showing that the interaction between the oxygen and carbon atoms gradually becomes weak. The stronger interaction between the oxygen and the carbon atoms induces much larger distortion in the C-C and C]C bonds in penta-graphene, whereas a weak interaction leads to perfect single and double bonds in penta-graphene, especially in the O 2 /P_Gra_M2 structure, as listed in Table 1 . There are some relationships between the adsorption energy and the charge transfer. The larger adsorption energy can be attributed to the larger amount of charge transfer from penta-graphene to the oxygen atoms. The quantitative Bader analysis reveals that each oxygen atom gains 1.01, 0.85, 0.49, and 0.04 electrons from penta-graphene, again indicating that O 2 /P_Gra_D1 is the most stable structure, whereas the O 2 /P_Gra_M2 structure exhibits physisorption characteristics. The larger amount of charge transfer results in large dipole moments in the system. The electronic dipole moments in the O 2 /P_Gra_D1, O 2 /P_Gra_D2, O 2 /P_Gra_M1, and O 2 /P_Gra_M2 structures are 2.13, 0.83, 0.98, and 0.02 debye, respectively, as listed in Table 1 .
The interaction between the oxygen molecule and pentagraphene is also evident from the interaction charge density, as shown in Fig. 6 . The interaction charge densities for all the systems are localized and mainly located at the oxygen atoms and their nearest carbon atoms, except for the structure of O 2 / P_Gra_M2 that exhibits weaker interactions and physisorption characteristics. For clearer visualization, we plotted the 2D interaction charge density distribution cutting through the C-O bonds or O-O bonds, as shown in Fig. 6(b), (e), (h) and (k) . From the plot, it is evident that there are signicant charge densities between the oxygen and carbon atoms, as shown in Fig. 6(b) , (e) and (h), whereas there is almost no net charge density distribution between the oxygen molecule and penta-graphene, as shown in Fig. 6(k) ; this indicates weaker interactions in O 2 / P_Gra_M2; this is consistent with the abovementioned analysis.
Note that except for the physisorption of the oxygen molecule, there is no net magnetic moment. Therefore, for the electronic properties of penta-graphene, only the spin-up states are shown hereinaer. Finally, we also studied the electronic structures of penta-graphene when the oxygen molecule was adsorbed on the penta-graphene surface. The calculated electronic density of states are shown in Fig. 6(c) , (f), (i) and (l). For the O 2 /P_Gra_D1 structure, the p states of the oxygen atoms and the p states of the carbon atoms are strongly hybridized in the energy window from À2.0 to 0.0 eV. The p states of the oxygen atom occupy the top of the valence band; this leads to a relatively smaller band gap as compared to that of pristine pentagraphene. In the case of O 2 /P_Gra_D2, the p states of the oxygen atoms are located at the bottom of the valence band below the Fermi level, i.e., from À1.5 to À2.0 eV, and they do not affect the band edges. Therefore, the band gap remains almost unchanged in the O 2 /P_Gra_D2 structure. The p states of the oxygen atoms are below the Fermi level and at À0.5 eV, and the band edges of penta-graphene are not affected by the adsorption of the oxygen molecule. For oxygen molecule physisorption, the net magnetic moment originates from the oxygen molecule, and the net spin-polarized charge density is mainly located at the oxygen molecule, as shown in the inset in Fig. 6(l) . The p states of the oxygen molecule are located from À5.7 to À5.3 eV, À1.3 to À0.88 eV, and 1.1 to 1.3 eV. The states in the energy window of 1.1-1.3 eV are above the Fermi level and located at the band gap of penta-graphene. The presence of the oxygen molecule gap states reduces the band gap of pentagraphene to 1.86 eV; this converts penta-graphene from a wide-band gap semiconductor to a small-band gap semiconductor. By careful experimental techniques, physisorption of the oxygen molecule can be achieved to meet the band gap requirements for various device applications.
Conclusions
In summary, we performed the density functional theory calculations to study the effect of oxidation on the structural and electronic properties of penta-graphene. Our results demonstrate that the C]C bond center is the most stable adsorption site, and the oxygen atom prefers to form an epoxide group on the penta-graphene surface. When the oxygen coverage increases, the band gap of penta-graphene increases. This opens up a possible way for researchers to synthesize oxidized penta-graphene with large band gaps for use as dielectric layers in electronic devices. We have also found that the process of oxygen molecule dissociation is barrier-less; this indicates that the oxygen molecule can self-decompose on penta-graphene without any catalysts. More importantly, penta-graphene would be chemically unstable when exposed to air; this would lead to the formation of oxidized penta-graphene. In penta-graphene-based devices, penta-graphene must be encapsulated by an inert layer, such as graphene, h-BN, etc. We believe that our theoretical studies will inspire experimental studies on the oxidation of penta-graphene or the encapsulation of pentagraphene, which can then be used as a potential candidate for future generation nanoelectronics and optical devices.
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